Finite set model predictive control (FS-MPC) has become a promising control technology in power converter, because of the advantages of good dynamic response and accurate current tracking capability. In real-time control process, the conventional FS-MPC strategy requires more time for prediction and optimization. As a result, there will be a certain delay between sampling and output. In order to reduce the amount of calculation and overcome the adverse effect of the delay on the system performance, this paper presents a simplified FS-MPC method. Firstly, adjacent levels method is used to reduce the amount of the calculation, and then two-step FS-MPC is adopted to compensate the calculation delay. The control strategy is validated by the simulation and experimental results of a grid-connected cascaded H-bridge converter.
Introduction
The ever-increasing fossil fuel energy consumption, exhaustible nature, and worsening global environment have created a booming interest in large-scale renewable energy utilization systems. As the grid-connected inverter is one of the necessary pieces of equipment of the renewable energy application, its performance is very important for using the renewable energy effectively and safely. In order to get a highperformance large-scale renewable energy application system, the study of the multilevel inverters is needed. The advantages of these inverters are small V/ and EMI, low switching frequency, high inverting efficiency, and suitability for high-power applications [1] [2] [3] . The most dominant topologies of multilevel converters are the neutral point clamped (NPC) [4] , flying capacitor (FC) [5] , and the cascaded H-bridge (CHB) converter [6] . This paper focuses on the three-phase cascaded H-bridge inverter.
Current control techniques of inverters can be classified into two main groups: linear and nonlinear techniques. Due to the fact that microprocessor computing power has been greatly improved, the nonlinear current control techniques have been paid more attention. The nonlinear current control techniques include hysteresis control, deadbeat control, and finite set model predictive control (FS-MPC) [7] [8] [9] . The advantages of the FS-MPC are clear and simple control, good dynamic performance, strong current tracking ability, and good adaptability to different variables [10] [11] [12] . FS-MPC will predict the future behavior of the variables in time frame according to the model of the system. Then, all the predictions are evaluated using the cost function and the state that minimizes the cost function is chosen as the optimal state.
FS-MPC has become a promising control technique in power converter and AC motor drives. In multilevel inverters, FS-MPC has been applied for a three-level NPC inverter [13] , a flying capacitor inverter [14] , an asymmetric CHB inverter [15] , and a hybrid asymmetric multilevel inverter [16] . However, most of the switching states or all of the switching states are used to find the optimal state in those papers. So there is a large amount of calculation. As a result, there will be a certain delay which causes adverse effect to the system performance between sampling and output. In order to reduce the amount of calculation and overcome the adverse effect of the delay on the system performance, this paper presents a simplified FS-MPC method. This method is realized by selecting the adjacent levels and adopting two-step FS-MPC method. A seven-level gridconnected cascaded H-bridge inverter is used for simulation and experimental analysis.
System Model
The three-phase cascaded H-bridge inverter is shown in Figure 1 (a). Every phase of CHB inverter consists of three Hbridge cells. Each cell can generate an output voltage of − dc , 0, + dc with a dc-link voltage dc , as shown in Figure 1(b) . The number of possible voltage levels of each phase is
where is the number of cells in each phase. For a threephase inverter, the number of voltage level vectors is
Each cell has two switching signals, and for cells in one phase, the voltage of the inverter in terms of binary switching signals is
where ,1 and ,2 are the binary switching signals of the cell . The possible switching combination for a CHB inverter with cells in one phase is = 2 2 . For three-phase inverter, the possible switching combination is
As an example, in a three-phase CHB inverter with three cells, as shown in Figure 1 According to Figure 1(a) , the differential equation of the grid-connected current for a single-phase CHB gridconnected inverter is
where V is the output voltage of the single-phase CHB gridconnected inverter.
Finite Set Model Predictive Control

Discrete Model and Prediction.
The main idea of the predictive current control scheme used in this paper is to predict the behavior of the grid-connected current for each possible voltage level generated by the inverter. A discretetime form of the differential equation of the grid-connected current (5) for a sampling time s can be used to predict the future value of grid-connected current with the measured current and grid voltage at the sample . Approximating the derivative / in (5) by
and placing it in (5), the following expression is obtained for the future load current:
This equation will be used in the controller to predict the future grid-connected current for a given voltage level. (7) is used to predict the behavior of the output current for each one of all the voltage levels. Each prediction is evaluated using a cost function. Voltage level that minimizes the cost function is selected, and the switching state of voltage level is applied during a whole sampling period.
Cost Function. Equation
The control objective of the grid-connected inverter is to make the error between grid-connected current and the reference current minimum, and the cost function in this paper is selected:
where * ( + 1) is the reference current at the sample and ( + 1) is the prediction current at the sample . For sufficiently small sampling times, it can be assumed that * ( + 1) ≈ * ( ). For larger sample times, derivation of the reference is needed [13] .
Equation (8) is used to calculate the error of the predicted current and reference current for each possible voltage level. The voltage level which minimizes the cost function is selected and applied to the load.
Finite Set Model Predictive Control.
The main idea of the FS-MPC scheme is to predict the behavior of the controlled variables according to the discrete-time model of the controlled variables. The model predictive current control scheme is shown in Figure 2 , and it consists of the following steps [17] :
(1) Measure the grid-connected current and grid voltage value. 
(2) Obtain the reference current value of the same frequency and phase with the grid voltage through the PLL phase-locked loop. (3) Predict all possible grid-connected current values of the time + 1 according to (7) . (4) According to the cost function of (8) to evaluate all of the predicted current value of the time + 2 and select the one that minimizes the cost function as the optimal value, the switch state corresponding to the optimal value is the optimal switch state. (5) Wait until sampling time + 1 and turn back to step (1).
Simplified Finite Set Model Predictive Control
Ideally, the sampling, prediction, evaluation, and output are completed at the same moment, but actually, there is a certain delay between sampling and the output. The delay will affect the performance of the grid-connected inverter. For example, for a three-phase CHB inverter with three cells as shown in Figure 1 (a), according to (2) and (4), there are 7 3 voltage vectors and 2 18 switching combinations. If all the voltage vectors and switching states are considered to find the optimal state, there will be a great amount of computation. As a result, there will be a great time delay. In this paper, the grid-connected current prediction of each phase is calculated separately. Each phase has 64 switching states corresponding to 7 voltage levels. Removing the redundant switching states, switching states table can be got, as shown in Table 1 . Therefore, for a three-phase CHB inverter with three cells, as shown in Figure 1(a) , it only needs to calculate 21 times to find the optimal switching states for each sampling time. But the number of output levels will increase with the increase of the cells number. Therefore the amount of calculation will increase. For this reason, this paper presents a simplified FS-MPC method to reduce the amount of calculation and overcome the adverse effect of the delay on the system performance. This method is realized by selecting the adjacent levels and adopting two-step FS-MPC method. The method can be applied to the control of an arbitrary level multilevel inverter.
Selection of Adjacent Levels.
After removing the redundant switching states, the amount of calculation has been reduced. But it will increase with the increase of the cells number. Therefore the method of selecting adjacent levels is used to reduce the amount of the calculation.
The basic principle of selecting adjacent levels FS-MPC is shown in Figure 3 [18] . For sufficiently small sampling times, assuming the optimal output level of the time − 1 is level two, then the optimal output level of the time is level one, level two, and level three. The FS-MPC of load current can be realized by predicting and evaluating the three adjacent levels. As an example, in a three-phase CHB inverter with three cells, as shown in Figure 1(a) , it only needs to calculate up to 3 times to find the optimal switching states of each phase for each sampling time. So it only needs to calculate up to 9 times for a three-phase CHB inverter to complete the FS-MPC algorithm for each sampling time. The prediction and evaluation times of conventional FS-MPC are proportional to the numbers of the output voltage levels. But the prediction and evaluation times of selecting adjacent levels FS-MPC in each sampling period are independent of the number of the output voltage levels. At the same time, a voltage waveform with smaller V/ can be obtained due to the transitions between adjacent levels.
Two-Step FS-MPC.
Although the amount of calculation has been greatly reduced after selecting adjacent levels, there is still a certain delay between sampling and output. Twostep FS-MPC method is used to compensate the calculation delay. Figure 4 shows a block diagram of the two-step FS-MPC system. V (opt) is the optimal output voltage vector of the time , so according to (7), the grid-connected current of the time + 1 can be calculated with the following function:
After obtaining the grid-connected current of the time + 1, all possible grid-connected current of the time + 2 can be figured out and the optimal switching state can be selected using the cost function. According to (7) and (9), the gridconnected current of the time + 2 can be calculated with the following function:
For sufficiently small sampling times, it can be assumed that ( + 1) ≈ ( ). The control cycle of the two-step FS-MPC at sampling time ( ≥ 0) is described step by step as follows [19] :
(1) Update the switching state of the switch tubes according to the optimal switching state that is worked out at sampling time − 1.
(2) Measure the grid-connected current and grid voltage value.
(3) Obtain the reference current value of the same frequency and phase with the grid voltage through the PLL phase-locked loop.
(4) According to (9) and the switch state of the present moment ( ), calculate the grid-connected current value of the time + 1. (6) According to the cost function of (8) to evaluate all of the predicted current value of the time + 2 and select the one that minimizes the cost function as the optimal value, the switch state corresponding to the optimal value is the optimal switch state.
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(7) Wait until sampling time + 1 and turn back to step (1).
Simulation and Experimental Results
Simulation Result.
Simulations of a single-phase threecell CHB grid-connected inverter were carried out using PSIM9.1.1. The simulation results of the conventional FS-MPC control strategy and the simplified FS-MPC control strategy are presented. The conventional FS-MPC uses the switching states shown in Table 1 to predict grid-connected Table 2 . Steady waveforms are shown in Figure 5 . It can be observed that the output voltage of both methods is of seven levels, and the grid-connected current of both methods can track reference current accurately. The reference current has the same frequency and phase with the grid voltage. Amplitude of the reference current is 5 A. Figure 7 that when using simplified FS-MPC, the step change of output voltage response is slower than the case of using conventional FS-MPC. This change is because the selection of adjacent levels does not allow for big changes in the output voltage. When all levels are considered, it is possible to generate extreme voltage changes. On the contrast, when only adjacent levels are considered, voltage changes are limited to one level during each sampling time. The dynamic performance considering adjacent level is similar to another, but a voltage waveform with smaller V/ can be obtained.
Experimental Results.
Experiment of a single-phase three-cell CHB grid-connected inverter was carried out.
The predictive control algorithm was implemented in a TMS320F28335 DSP. The experimental parameters are the same as the simulation parameters, as shown in Table 2 . Here, experimental results are compared with simulation results, obtaining very similar performance.
Steady waveforms are shown in Figure 8 . It can be observed in Figures 8(b) and 8(d) that the output voltage of both methods is of seven levels, and the grid-connected current lags behind the output voltage because of the influence of the inductor. The grid-connected current has the same frequency and phase with the grid voltage, as shown in Figures 8(a) and 8(c) . And the steady-state waveforms of the proposed converter are shown in Figure 9 (a). The collector-emitter voltage waveforms for one IGBT of each cell are shown in Figure 9 (b), which show the asymmetry in the commutation of power semiconductor devices.
Considering the first 50 harmonics, THD of the gridconnected current with conventional FS-MPC and simplified FS-MPC is shown in Figure 10 . It can be seen that the THD of the grid-connected current with conventional FS-MPC is ∘ in phase. It can be observed, in the detailed view of the step change instant, shown in Figures 11(b) and 11(d) , that the dynamic adjustment ability of simplified FS-MPC to grid-connected current is slightly lower than that of conventional FS-MPC, but the difference between them is not significant. It also can be observed that the output voltage of conventional FS-MPC changes sharply when the amplitude of the reference current changes. The sharp change will reduce the stability of the system and the service life of power switch devices. But when using simplified FS-MPC, the step change of output voltage response is slower than the case of using conventional FS-MPC. This is the same as the simulation results. In summary, on the one hand, simplified FS-MPC improved grid-connected current steady-state performance; on the other hand, it reduced the rate of change of the output voltage.
Conclusions
The problem of the delay due to the calculation time in conventional FS-MPC method has been explained in this paper, and a simplified FS-MPC method has been presented. The simplified FS-MPC method is verified with simulation and experimental results. Using this method, the THD of the gridconnected current and V/ are considerably reduced. The simplified FS-MPC method can be applied to any multilevel inverter with a high number of levels and switching states. 
